Ten years ago the Rhizopur s process was conceived in order to treat sewage from small towns.
INTRODUCTION
The French decree of 22nd June 2007 established the discharge requirements to be met by WWTP (wastewater treatment plants), distinguishing between those for WWTP with a capacity of r2000 PE (r120 kg BOD 5 /d) and those for WWTP of a capacity 42000 PE (4120 kg BOD 5 /d).
According to the last IFEN (Institut Franc¸ais de l'Environnement) survey (2008) there are 17300 WWTP in France of which approximately 13425 are small facilities with a capacity of r2000 PE (see Figure 1 ). Most of these facilities (i.e. around 75%) were built and commissioned since 1990. During the last two decades many WWTP have been rehabilitated and their number has increased. The recent increase in the number of WWTP concerns mainly small facilities.
Among the small facilities extended aeration activated sludge is the most widely used process with nearly 50% of plants using this technology whilst 25% of the facilities are natural or aerated ponds, attached growth technologies account for only 12%. Although activated sludge processes are an efficient and well suited technology for large wastewater treatment plants their high capital and operating costs (Jeanmaire 2000) make them less suitable for small WWTP. Natural ponds entail low operating costs, but have a poor suspended solids removal efficiency, a very large footprint and often require a long sewer network making the total cost of this system high.
In order to be in line with the French decree (22nd June 2007) concerning the WWTP with a capacity o2000 PE, many of these small facilities are being or will need to be rehabilitated and many more are being or will need to be constructed during the following years. To meet this challenge in a cost-effective fashion, the process to be implemented for the small WWTP should possess the following characteristics:
High level of treatment: carbon and nutrient removal Low investment costs: low-energy processes and small footprint Low operating costs: easiness of operation (no need for highly qualified labour) Process reliability: capable of coping with mass and hydraulic shock loadings.
To face this challenge, ten years ago, Suez Environnement conceived and developed a new process, the Rhizopur s process. The objective of this work is to give an overview of this process: its description, its performance, its evolution, as well as its advantages and disadvantages compared to other processes.
PROCESS DESCRIPTION
The conception and development of the Rhizopur s process was based on the combination of three processes:
Attached-growth treatment: trickling filters or rotating biological contactors Infiltration percolation in vertical-flow constructed wetlands, i.e. reed beds Mineralisation in vertical-flow constructed wetlands, i.e.
reed beds
In the Rhizopur s process carbon removal is carried out by the trickling filter (TF) which is fed with screened raw wastewater (see Figure 2) . The outlet stream of the TF is then directly fed to vertical flow constructed wetlands (i.e. reed beds) where the treated wastewater filters down while the sludge and suspended solids are retained. Further biological treatment is equally carried out in the constructed wetlands (i.e. reed beds) as the wastewater percolates down. The treated and filtered wastewater is then collected at the bottom of the constructed wetlands (i.e. reed beds) by means of an 
Trickling filter: (C removal + Nitrification)
underdrain system and is subsequently discharged to the environment. The sludge remains in the surface of the constructed wetlands (i.e. reed beds) where it is degraded and mineralised. If required nitrification can also be conducted in the trickling filter by increasing its size. Therefore the Rhizopur s process brings together three technologies that combine to form a single process configuration to conduct both wastewater treatment and sludge treatment (Virloget 1998): sewage treatment is conducted by means of the trickling filter or rotating biological contactor and by infiltration in the constructed wetlands (i.e. reed beds). The biofilm process allows for the removal of the soluble and colloidal COD (chemical oxygen demand) fractions while the constructed wetlands (i.e. reed beds) remove mainly the SS (suspended solids) and polish the final effluent sludge treatment is carried out in the constructed wetlands (i.e. reed beds) where sludge is stored for as long as 5 years with a concomitant organics (VSS, volatile suspended solids) reduction through a digestion/mineralisation process In the treatment train, as shown in Figure 2 above, fine screening is included (a 3 mm bar screen or a 6 mm drum screen are recommended) in order to prevent rags getting into the system and clogging the trickling filter distributor and media.
The trickling filter is packed with structured plastic media, i.e. cross-flow packing (specific surface area of about 165 m 2 /m 3 ). This treatment stage is generally composed of modules with a height of 4 to 6 m.
The common reed, i.e. Phragmites sp. has been selected for the vertical-flow constructed wetlands. This plant grows on the surface of the beds which have in general a maximum unit surface area of 200 m 2 to ensure a homogeneous sewage distribution. The major role of the reeds is to preserve the permeability of the filtering media. A second function is to facilitate aeration (oxygen transfer) of the bacteria growing on the filtering media, these bacteria are responsible for the degradation/mineralisation process occurring in the reed beds. The reeds preserve permeability and facilitate aeration by means of their roots which penetrate and break the filtering media. Since the reed beds require a resting period equal to the feeding period, a minimum of 3 reed beds is needed to allow for this mode of operation.
The filtering media in the reed beds is composed of 3 layers (sand, gravel and stones) whose particle size distribution has been selected according to the treatment objectives: SS removal and mineralisation. So, the particle size distribution of these layers differs from those used for sludge treatment in constructed wetlands or for sewage treatment in constructed wetlands.
The combination of the technologies above mentioned and the characteristics of its different components result in a process with several major advantages: high removal performance, reliable and stable operation, low manpower requirements, low energy consumption, low sludge production and sludge stabilisation. All these advantages make of Rhizopur a well-adapted process to the needs of small communities in developing countries. The range of application of this process lies between 200 and 2000 PE installations, but according to local conditions and costs facilities larger than 2000 PE can be constructed (in the past design projects for plants as large as 6000 PE have been considered).
RHIZOPUR s FACILITIES
The first Rhizopur s facility was commissioned back in 1999 at Neuvy Boin in France. Ever since this facility started operation the number of Rhizopur s installations has been growing steadily and today there are more than fifty facilities in operation in France, a few more are being constructed or are already in operation in other European countries (i.e. Spain, Italy, Portugal). The size of these facilities ranges from 150 to 3000 PE.
As can be seen in Figure 3 of the 55 Rhizopur s facilities in France almost half of them are o500 PE and a bit more than a third have a capacity ranging between 500 and 1000 PE. There are only 9 facilities 41000 PE of which 2 are 42000 PE.
Two Rhizopur s facilities of different size are shown below, the Le Fauga WWTP (1900 PE) is presented in Figure 4 and the Montastruc WWTP (400 PE) can be seen in Figure 5 . Both of these facilities conduct carbon removal and nitrification. Water Science & Technology 9 9 9 9 63.8 9 9 9 9 2011 G. Aguilera Soriano et al. 9 9 9 9 The Rhizopur s process ten years on
PROCESS PERFORMANCE AND CHARACTERISTICS

Carbon removal
In terms of performance, operating experience has shown that the Rhizopur s process is capable of producing a high quality effluent. Table 1 shows the average characteristics of the raw sewage and the treated wastewater of several Rhizopur s plants.
The results obtained with two pilot units used to test and validate the process are also shown since the trials conducted with these units were monitored for a long period and provide a good picture of its performance. It can be seen that the treated wastewater produced by Rhizopur s plants has the following quality: BOD 5 (biochemical oxygen demand) o20 mg/l, COD o100 mg/l and TSS (total suspended solids) o30 mg/l.
The average removal efficiencies achieved by the Rhizopur s process are shown in Table 2 . The performance of this process is high with BOD 5 removal 490%, COD removal 480% and TSS removal 490%.
In Figures 6 and 7 the performance of a Rhizopur s WWTP is presented in terms of BOD 5 and TKN removal together with the characteristics of the treated effluent produced. Data for the whole of 2007 is presented in order to show the stability of the Rhizopur s process performance. The data shown in Figures 6 and 7 corresponds to a 2500 PE WWTP dedicated to the treatment of sewage (canteen, toilets and bathrooms) in a nuclear plant in France. This facility was designed to nitrify in order to meet a treated effluent concentration of o40 mg TKN/l and 60% TKN removal.
Nitrification and denitrification
In the Rhizopur s process the trickling filter can be designed to conduct nitrification if this is a requirement. Depending on the size of the trickling filter (or the organic surface loading on this unit) nitrification will occur to a lesser or greater extent. A high degree of nitrification is possible depending on the size of this facility.
Although nitrogen (TKN) removal in the Rhizopur s process is mainly achieved by the trickling filter, it has been observed that the reed beds can contribute with 420% to the overall TKN removal (Aguilera Soriano et al. 2006) . Pilot scale studies conducted at Centro Experimental de Aguas Servidas CEXAS (Melipilla in Santiago, Chile) have shown that the reed beds also participate in the removal of ammonia and organic nitrogen either by removing suspended solids, by assimilation or by nitrification. This can be observed in Figure 8 where the contribution of each of the Rhizopur s process units to C, N and P removal is shown.
Although denitrification has not been assessed in the Rhizopur s process, it has been observed that it occurs to a certain extent in the recirculation tank of the trickling filter. It is also expected that a certain degree of denitrification will occur in the trickling filter itself and in the reed beds as sewage percolates downwards. However, denitrification in these facilities occurs in an uncontrolled manner since they are continuously aerated.
To achieve denitrification in a reliable fashion an anoxic stage upstream the trickling filter could be implemented, this stage could be retrofitted in the recirculation tank. At present there are no Rhizopur s denitrifying facilities.
P removal
Phosphorus removal by the Rhizopur s process is in general low and highly variable, it occurs mainly as a result of Water Science & Technology 9 9 9 9 63.8 9 9 9 9 2011 G. Aguilera Soriano et al. 9 9 9 9 The Rhizopur s process ten years on biomass assimilation, adsorption is very limited. Pilot plant studies have shown that the overall P removal can be just over 30%, the contribution of the reed beds being lower than that of the trickling filter as can be seen in Figure 8 . However, monitoring of large scale facilities have shown that P release occurs in a random fashion (outlet P concentration 4 inlet P concentration) causing a highly variable P removal performance (see Figure 9) .
As the number of nutrient sensitive areas increases more and more small WWTP will be required to remove phosphorus. Different approaches are being studied for P removal in constructed wetlands, among them the most promising seem to be:
Precipitation with Ferric chloride dosing (Esser et al. 2004; Boucher 2007 ) Adsorption:precipitation with apatite (Molle et al. 2005) It is expected that one of these options will be suitable for the development of a P removing Rhizopur s process.
Sludge production and disposal
Sludge produced by the Rhizopur s process takes up to 20 cm/year on the surface of the constructed wetlands (i.e. reed beds) where it is digested and mineralised. Degradation through the mineralisation process allows for more than 40% volatile solids reduction (about 30% solids reduction). As to the quality of the final sludge produce, the Rhizopur s process delivers a product with a dryness ranging between 16 and 20% depending on the length of drying period prior its extraction from the beds. A dryness as high as 40% can be achieved according to Nielsen (2004) . This sludge issued from municipal wastewaters can be disposed in agriculture (land application).
Stormwater treatment
Stormwater can be treated by the Rhizopur s process. When the Rhizopur s process is fed by a combined sewage network, the configuration of the reed beds can be modified or the surface of the reed beds can be increased to accommodate the larger flows associated with storm events.
To increase the reed beds capacity a 3-bed configuration is replaced by a 4-bed configuration, both of them have the same surface area but in the 4-bed configuration the feed/rest cycle is carried out by pairs, as opposed to the 3-bed configuration where only 1 reed bed is fed while 2 are resting. In other cases an extra reed bed can be added to keep the hydraulic load on these facilities below the hydraulic load limit even at peak wet weather flow. When peak flows are even higher the trickling filter outlet stream bypasses the reed beds in order to prevent hydraulic loads going above the limiting value of 1.1 m 3 /m 2 /h, experience has shown that hydraulic loads above this value result in slow growth of the reeds and may cause clogging.
Footprint
The Rhizopur s process has a small footprint thanks to the fact that carbon removal and nitrification are mainly conducted by the trickling filter. This makes it possible to reduce the size of the constructed wetlands (i.e. reed beds) which in the Rhizopur s are smaller than if primary and secondary treatment were conducted only by constructed wetlands. Approximately 0.5 m 2 /PE are required (0.8 m 2 /PE including access roads) for the Rhizopur s process, compared to 2 to 2.5 m 2 /PE required for a constructed wetlands process (Boutin et al. 1997; MAP 2007) .
Exclusion of primary settling tanks (the trickling filter is fed with pretreated raw sewage) and of clarifiers (solids/ liquid separation occurs in the reed beds) are another important factor allowing to reduce the footprint of this process well below that of lagoons or activated sludge systems.
Costs
The Rhizopur s installations entail low operating costs. This is due to great extent to the low energy processes used. Aeration for carbon removal and nitrification occurs naturally in the trickling filter and reed beds. Energy is only required for pumping, sewage is fed and recirculated in the trickling filter and it is subsequently fed to the reed beds. Besides due to its easiness of operation (no need for highly qualified operators), approximately 2 hours of labour/week are needed. Although its operating costs are higher than those of lagooning they are more competitive than those of activated sludge systems.
Operating costs for the Rhizopur s process range between 10 and h45/PE/year depending on the size of the facility. In terms of capital costs the Rhizopur s process is in general cheaper but it could be as expensive as an activated sludge process (Commission Europé enne 2001), however, the Rhizopur s process includes sludge treatment and stabilization. Investment costs for the Rhizopur s process range from h200 to h800/PE depending on plant size, local conditions and construction materials.
CONCLUSIONS
Ten years ago the Rhizopur s process was conceived. Today this process represents a competitive alternative for wastewater treatment in small towns and villages. It provides sewage and sludge treatment through the combination of simple and easy to operate processes, i.e. trickling filter/rotating biological contactor and constructed wetlands (i.e. reed beds).
Operating experience has shown that the Rhizopur s process is capable of producing a high quality effluent (BOD 5 o20 mg/l, COD o100 mg/l and TSS o30 mg/l) and achieving high removal efficiencies: BOD 5 removal 490%, COD removal 480% and TSS removal 490%. It is also capable to achieve nitrification by properly sizing the trickling filter.
Thanks to its low manpower requirements and its low energy consumption the operating costs of the Rhizopur s process are in general lower than those of conventional processes. Investment costs are also low since it requires very few pieces of equipment and it has a very small footprint.
Further work is in progress with the objective of developing a nitrogen (nitrifying and denitrifying) removing Rhizopur s process as well as a phosphorus removing Rhizopur s process.
